This paper reports the influence of antennas on radio signal propagation in tunnels and underground mines. Radio signal propagation measurement results in a concrete tunnel and underground mines using antenna types with various radiation patterns, i.e., omnidirectional, Yagi, patch, and circular, are reported. Extensive measurements were taken in various scenarios which include vertical, horizontal, and circular polarization for line-of-sight (LoS) radio signal propagation at four frequencies (455, 915, 2450, and 5800 MHz) that are common to many voice and data transport radio systems used in underground mines. The results show that antenna pattern has a strong influence on the uniformity of radio signal propagation gain in the near zone and typically does not significantly influence behavior in the far zone, except for a constant gain offset.
INTRODUCTION
Radio frequency (RF)-based wireless systems operating in the ultra-high frequency (UHF) and superhigh frequency (SHF) bands are becoming commonplace in underground mines. These wireless systems provide voice communications, data transport, miner tracking, proximity detection, and environmental monitoring and control. Understanding RF signal propagation in underground mines is critical to the optimal performance and reliability of these wireless systems and, as a result, will contribute to enhancing overall miner safety and health.
While RF signal propagation in underground mines and tunnels has been studied for decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , most of the prior studies assume omnidirectional antennas for both the transmitter and the receiver, and the influence of antenna pattern on tunnel RF signal propagation has not been investigated. Particularly, RF signal propagation measurements in underground mines and tunnels have primarily been performed using omnidirectional antennas [2, [10] [11] [12] . In practice, however, wireless systems installed in underground mines often use other types of antennas that could have distinctly different RF signal propagation characteristics. A recent study reported results of RF signal propagation measurements in a small concrete tunnel using various types of antennas [13] . This paper expands on that study by reporting RF signal propagation measurements conducted in the more complex environments of underground mines, using four different antenna types (omnidirectional, Yagi, patch, and circular antennas) that were operated at 455, 915, 2450, and 5800 MHz and at three polarizations (horizontal, vertical, and circular). Figure 1 illustrates the cross-sectional view of a straight rectangular tunnel. In this illustration, the width and height of the tunnel are 2a and 2b, respectively. Let T (x 0 , y 0 , 0) and R(x, y, z) represent the location of the transmitter and receiver. f t θ t , ϕ t , f r θ r , ϕ r are radiation patterns for the transmitter and receiver antenna, respectively. Without loss of generality, we also assume the source is vertically polarized. Horizontal polarization results can be derived in a similar manner. Based on the ray tracing theory, the received electric field can be obtained by summing the scalar electric fields of the rays from all the images of the source as [14] :
MODELING RADIO SIGNAL PROPAGATION WITH ANTENNA PATTERNS INCLUDED
where E t is the magnitude of the transmitted electric field; k is the wave number in the waveguide (free space); and r m,n is the distance between the receiver and the image I m,n and is given by [1, 14] :
ρ ⊥,// represent the perpendicular and parallel reflection coefficients, respectively, and can be readily calculated as [15] :
whereε a,b = [ε a,b − jσ a,b /(2πf )] /ε 0 denote the complex relative permittivities of the vertical and horizontal reflection surfaces. θ ⊥,// are the corresponding angles of incidence relative to the normal to the reflecting surface and are given by:
It has been shown in [10] that in the far zone (see Section 5 for discussion of the "far zone") both θ m,n and ϕ m,n are very small so that
where G t and G r represent transmitter and receiver antenna gains respectively. Substituting Eq. (5) into Eq. (1) yields
For omnidirectional antennas where G t = G r = 1, Eq. (6) reduces to
A comparison of Eqs. (7) and (6) shows that in the far zone where z is sufficiently large, the received power is not significantly affected by the antenna patterns, except for a difference of a constant gain (i.e., G t G r ) which is determined by the antenna patterns shown in Eq. (5) , and the alignment of the two antennas. In the near zone (see Section 5 for discussion of the "near zone") where z is small, the contribution from the transmitter and receiver antenna patterns is highly dependent on angles of each ray and thus has a significant influence on the received power.
MEASUREMENT SYSTEM AND CONFIGURATION

Measurement System
The measurement system was composed of two assemblies: a stationary transmitter (Tx) and a mobile receiver (Rx). The transmitter consisted of an RF signal source connected to an antenna using a coaxial cable. The receiver consisted of a data logging spectrum analyzer connected to an antenna through coaxial cable with both the analyzer and antenna being mounted to a mobile cart. A full description of the measurement system and test methodology can be found in [10] .
Measurement Configuration
The spectrum analyzer was centered at the frequency being measured with a frequency span of 2 kHz, a resolution bandwidth of 100 Hz, and the preamp disabled. These settings allowed for displayed average noise levels of approximately −120 dBm at 455 and 915 MHz and −115 dBm at 2450 and 5800 MHz. The spectrum analyzer was configured to perform channel power measurements in a 1-kHz bandwidth using three averages for each reading. The signal generator was configured to produce a continuous wave signal at 0 dBm as measured by a power meter at the antenna end of the coaxial interconnect cable.
Measurements were performed at the four frequencies of interest -455, 915, 2450, and 5800 MHz -using an antenna height of 1.2 m for both Tx and Rx antennas. At each frequency of interest, vertical and horizontal co-polarized reference measurements were first performed using omnidirectional Tx and Rx antennas. For subsequent co-polarized vertical and horizontal measurements, the Tx was changed to a directional antenna while the Rx antenna remained omnidirectional. To change between vertical and horizontal co-polarization, both Tx and Rx antennas were simply rotated 90 • . In the case of the circular polarization, the Tx antennas remained fixed and the Rx antennas were rotated to achieve vertical or horizontal polarization.
The antennas, manufacturers, and specifications are listed in Table 1 . Representative samples of the antennas are shown in Fig. 2 . 
TEST SITES
RF signal propagation measurements were performed in three underground mine/tunnel environments: a small concrete tunnel, a high-seam western United States coal mine entry, and a research coal mine entry.
The concrete tunnel was the 900 Gallery located within the Grand Coulee Dam in Washington State. The gallery dimensions were 1.8 m wide by 2.4 m tall with an arched ceiling beginning 1.5 m up the side of the wall. The walls were very smooth with a single conduit pipe running along the ceiling. A picture of the 900 Gallery is shown in Fig. 3 .
The width of the western high-seam coal mine's entry varied from 5.6 m to 5.9 m, and the height varied from 2.7 m to 3.4 m. The walls and floor were heavily rock dusted and the ceiling was covered with extensive ground control measures consisting of roof bolts, steel mesh, and support cables. A picture of the entry is shown in Fig. 4 .
The Figure 6 shows a comparison of simulated propagation loss for different antennas in the 900 Gallery of Grand Coulee Dam, assuming the source is vertically polarized with a frequency of 2.45 GHz. The measured propagation loss with an omni-directional antenna is also plotted for reference. More details about the comparison between the simulated and measured results for different polarizations at a variety of frequencies can be found in [14] . In Fig. 6 , the following Gaussian function has been manually introduced to represent the main lobe of the antenna pattern (for both transmitter and receiver antennas):
RESULTS AND DISCUSSION
where G 0 is a gain constant, and w b is the 3-dB beam width of the main lobe. Particularly, G 0 = 10 and w b = 10 degrees have been used to calculate the simulated propagation loss with directional antennas in Fig. 6 . As expected, it can be found from Fig. 6 that the influence of antenna pattern is primarily a constant power offset determined by the gain of the transmitter and receiver antennas. It should also be noted that the simulated and the measured propagation loss results for the omnidirectional antenna case show a very good agreement. Previous research has shown that there are near and far zone regions of line-of-sight RF propagation in underground mines and tunnels [10, [16] [17] [18] [19] [20] . In the near zone signal power fluctuates widely while in the far zone the signal attenuates linearly with distance. The point separating the near and far zones is known as the Fresnel zone breaking point [16] [17] [18] [19] [20] . The breaking point is a unique feature of tunnel propagation and is generally related to the signal wavelength and tunnel dimensions. As shown in the modeling section of this paper (Section 2), the ray tracing modeling predicts that antenna pattern would have a strong influence on the uniformity of RF signal gain in the near zone and does not significantly influence the far zone with the exception of a constant gain offset. For these reasons, measurement results for the near and far zones were analyzed separately. Fig. 7 shows an example of the near and far zones of RF propagation in a concrete tunnel measuring 1.8 m wide by 2.4 m high. 
Near Zone of RF Signal Propagation
Measurement results support the ray tracing modeling prediction that antenna pattern has a strong influence on the uniformity of RF signal gain in the near zone of propagation. While the influence is strong, it appears there is no reasonably viable way to correlate differences in RF propagation measurement results between antennas in the near zone with any level of accuracy. Fig. 8 shows a typical result of the measurement of the influence of antenna pattern on RF propagation in the near zone.
Far Zone of RF Signal Propagation
Measurement results for the influence of antenna pattern on the far zone of RF propagation were evaluated by comparing differences in RF signal propagation attenuation slopes and RF signal propagation gains.
Signal attenuation slopes, based on a method of linear regression fitting, were estimated from a point beyond the near zone -20 m for 455 MHz, 40 m for 915 and 2450 MHz, and 80 m for 5800 MHz -to the end of the far zone of measured RF propagation for each frequency, antenna, and polarization combination. Attenuation slope differences were then calculated for similar frequency, antenna, and polarization combinations using the omnidirectional antenna at each frequency and polarization as a reference. Fig. 9 shows a comparison of signal attenuation slopes with linear regression fit trend lines and the estimated signal gain for omnidirectional and Yagi antennas at 2450 MHz. The method for estimating signal gain is described later in this section.
Attenuation slope comparisons predominantly supported the ray tracing modeling prediction that antenna pattern does not significantly influence the far zone of propagation with the exception of a constant gain offset. As is shown in Table 2 , differences in RF signal propagation attenuation slopes for different antennas were generally less than 1.5 dB/100 m. (See Section 6 for a full discussion of the data in Table 2 .) However, under a narrow set of circumstances, slopes differed from 3 dB to greater than 12 dB. These circumstances involved the influences of differing levels of cross polarization-isolation, discussed below, for linear polarized and circular polarized antennas, in small dimension tunnels. Linear polarized antennas are not perfect radiators, or receivers, of RF signals. Aside from the primary polarization, some amount of RF signal is transmitted, and received, in the orthogonal-or cross-polarization. The ability of an antenna to maintain transmit or receive polarization integrity is referred to as cross polarization-isolation [21] . The amount of an antenna's cross polarization-isolation can have a substantial influence on RF propagation in smaller-dimension tunnels with significant height to width ratios which act as lossy waveguides [2, 10, 14] .
This was the case in the 900 Gallery of the Grand Coulee Dam at 455 MHz. A comparison of signal attenuation slope data for horizontally polarized Yagi and omnidirectional antennas showed that they differed by more than 12 dB (Fig. 10 ). Unlike linearly polarized antennas, which are designed to principally transmit or receive a signal in a single plane, circular polarized antennas are designed to transmit or receive a signal which rotates equally through orthogonal planes of polarization [22, 23] . A circular polarized antenna can also have a considerable influence on RF propagation in smaller-dimension tunnels with significant height to width ratios.
This influence was most notable in Grand Coulee Dam's 900 Gallery at 915 MHz. The propagation slope for the circularly polarized signal showed a 3-dB/100 m improvement over the horizontally polarized signal (Fig. 11) .
The circular Tx antenna's cross polarization-isolation was essentially unity, allowing equal amounts of vertical and horizontal polarized RF signal to be transmitted as compared to the omnidirectional Tx antenna, which transmitted primarily in horizontal polarization. Again, due to the height to width ratio, the 900 Gallery favored vertically polarized signal propagation and the Rx antenna received more vertically polarized RF signal from the circular Tx antenna than from the omnidirectional Tx antenna, resulting in a lower attenuation slope value.
Similar to the signal attenuation slope, signal gains were estimated using a method of linear regression fitting from a point well beyond the near zone -20 m for 455 MHz, 40 m for 915 and 2450 MHz, and 80 m for 5800 MHz -to the end of the far zone of measured RF propagation for each frequency, antenna, and polarization combination. Using the linear regression fit's y intercepts, signal gain differences were then calculated for similar frequency, antenna, and polarization combinations using the omnidirectional antenna at each frequency and polarization as a reference. Gain calculations were completed only if the differences in attenuation slopes between the two signals were less than 1.5 dB. Fig. 9 shows the result of the calculation of signal gain for the Yagi antenna at 2450 MHz.
Signal gain estimates support the ray tracing modeling prediction that antenna pattern typically does not significantly influence behavior in the far zone except for a constant gain offset. However, signal gains did not typically match the antenna gain specified by the vendor and varied between environments and polarizations as shown in Table 3 . (See Section 6 for a full discussion of the data in Table 3 .)
SUMMARY
Data for the influence of antenna pattern on RF signal propagation in the far zone are summarized in Tables 2 and 3 . Specific antenna polarizations are indicated by TxV/C-RxV and TxH/C-RxH, where Tx is the transmit antenna and Rx is the receive antenna. Polarizations follow three designations based on orientation: V for vertical, H for horizontal, and C for circular. For example, "TxH/C-RxH" would indicate that the transmit antenna was either linear horizontal or circular polarized -based on the antenna type used -and the receive antenna was linear horizontal polarized. Antenna polarizations oriented for favored RF signal propagations based on tunnel dimensions are shown in Tables 2 and 3 with shaded backgrounds [2, 10, 14] .
Signal attenuation slope data in Table 2 are presented in two formats: estimated slope loss in dB/100 m for each frequency, polarization, and antenna combination, and slope difference for like antennas referenced to an omnidirectional antenna at the same frequency and polarization. With the exceptions outlined in the Results and Discussion section, the data show an antenna's pattern has very little influence on RF signal propagation attenuation slope in the far zone of propagation in tunnels. For linear polarized antennas, differences in attenuation slope for like frequencies, antennas, and polarizations typically varied by less than 1.5 dB. Table 3 presents signal gain data for each frequency, polarization, and antenna combination as referenced to an omnidirectional antenna. As discussed in the Results and Discussion section, gain was only calculated when the attenuation slopes between antennas differed by less than 1.5 dB. The 5800 MHz circular polarized antenna developed a high level of insertion loss at some point between the measurements made at Grand Coulee Dam and the high-seam coal mine. This resulted in an overall lower signal level, thus negating any attempts to estimate signal gains. It is important to note that a higher level of insertion loss would not influence attenuation slope estimates.
The measurement results also once again confirmed the influences of frequency, antenna polarization, and tunnel dimensions on RF signal propagation [2, 10, 14] . This influence was most pronounced at 455 and 915 MHz in the smaller dimensions of Grand Coulee Dam's 900 Gallery and Bruceton Experimental Mine's Main entry.
CONCLUSION
The influence of antennas on radio signal propagation in tunnels and underground mining environments is quite different from that on the surface and has not been well understood. Starting with a simple concrete tunnel and progressing to the complex environment of underground mines, extensive measurements were made to study the influence of antenna pattern and polarization on radio signal propagation. The tunnels and mines surveyed in this study include a gallery in a concrete dam, a typical high-seam coal mine, and a small experimental coal mine.
The results show that in the near zone of propagation, change in signal strength is affected strongly by the antenna and has a complex character. In the far zone of propagation, signal strength is generally uniform with respect to attenuation slope and antenna gain.
Understanding the influence of antenna pattern on radio signal propagation is a key element in designing reliable wireless systems, which are critical to production and miner safety and health in underground mines.
